Introduction {#Sec1}
============

It is generally accepted that chronic stress increases the vulnerability to depression, anxiety disorders, and schizophrenia. These effects of stress on the pathogenesis of psychiatric disorders show a remarkable sex difference. First of all, the prevalence rates for depression are two times higher in women than in men (Nolen-Hoeksema [@CR81]). For post traumatic stress disorders (PTSD) the lifetime prevalence rate is 20.4% in women and 8.1% in men (Kessler et al. [@CR58]). In eight subtypes of anxiety disorders, women are diagnosed 2.25 times more often than men with anxiety (Bekker and van Mens-Verhulst [@CR10]). Epidemiological studies revealed that mood disorders are at least twice as common in women as in men (Kessler [@CR57]; Lewinsohn et al. [@CR66]; Steiner et al. [@CR105]; Wittchen and Jacobi [@CR122]). Alternatively, the incidence of schizophrenia is 1.4 times higher in men than women (McGrath [@CR77]). While more men than women develop schizophrenia at the age of 16--25, the incidence of schizophrenia is higher in women between 25 and 30 years of age (Maguire [@CR72]). Participants of epidemiological and clinical studies are also predominantly men, although it is known that women respond differently to drug treatment (Soldin and Mattison [@CR104]). Already in 1993 the National Institute of Health (NIH) decided that clinical trials should include women as well as men (Beery and Zucker [@CR8]).

Remarkably, no initiative as proposed by the NIH for human studies is seen in animal research. Studies using male animals outnumber those using females. In neuroscience this ratio is 5.5:1 (Beery and Zucker [@CR8]). This is surprising since preclinical research can provide a wealth of data not only on sex differences in models reflecting the onset of stress-related psychiatric disorders, but also on the regulation of the stress reaction in male and female animals (Palanza [@CR88]; Schmidt et al. [@CR100]). Yet, researchers studying in animals the mechanism underlying anxiety and depression still prefer male subjects. This priority of the male in studies seems not just neglecting the other sex, it also is denying the biological differences between females and males.

There are serious arguments for using female animals (predominantly rats and mice) when designing models for stress-related psychiatric disorders and pharmacotherapy. However, the main argument for not using female animals is their estrous cycle, which is characterized by a distinct secretion pattern of estrogens and progesterone (Butcher et al. [@CR19]). In rats and mice, one estrous cycle lasts four to 5 days and consists of four phases: the proestrus, estrus, metestrus, and the diestrus. During proestrus concentrations of both estrogen and progesterone are elevated. In the estrus phase both sex hormones decrease and in the metestrus and diestrus a slight elevation of progesterone occurs, which returns to baseline at the end of the diestrus phase. Therefore, taking into account the hormonal state of the female rodent, many more females than males have to be examined, multiplying the number of subjects per experiment. Moreover, variations in sex hormone levels might complicate the results (Beery and Zucker [@CR8]; Wotjak [@CR128]). Clearly, there is a paradox: The arguments against the use of female animals in research are of a practical kind, while at the same time the biological significance of sex hormones for mental health and disease is acknowledged.

In this review, we will first discuss the difference in the hypothalamus--pituitary--adrenal (HPA) axis in both female and male animals. Next, an overview of sex differences in cognition and emotion is given to highlight the differences in male and female behavior. Then, the effect of stress and sex hormones on cognition and emotion is reviewed, but only those studies are included where at least two or three of the estrous cycle phases were described in "intact" (i.e., with intact ovaries) females. Finally, sex differences in the role of corticosteroid stress hormone receptors on cognition and emotion are reported.

The HPA Axis in Females and Males {#Sec2}
=================================

Coping with stress is promoted by the action of the HPA axis and the sympathetic adrenomedullary system that operate in complementary fashion in the context of behavioral stress response patterns shaped by gene--environment interactions (de Kloet et al. [@CR30]). Here we will focus on the HPA axis, in particular on the corticosteroid hormones and their regulation.

The HPA Axis {#Sec3}
------------

Corticotropin-releasing hormone (CRH) and vasopressin (AVP) from the paraventricular nucleus (PVN) of the hypothalamus activate the synthesis of pro-opiomelanocortin (POMC) in the anterior pituitary, resulting in the secretion of adreno-corticotropin (ACTH) into the blood circulation (Fig. [1](#Fig1){ref-type="fig"}). ACTH stimulates the adrenal cortex to secrete glucocorticoids: mainly cortisol in humans and corticosterone in rats and mice.Fig. 1Schematic presentation of the HPA axis in male (*left panel*) and female (*right panel*) rats under stress conditions. An insert of the hippocampus is shown in each part illustrating the sex difference in stress hormone receptors, based on Karandrea et al. ([@CR53]) and Kitraki et al. ([@CR60]). The increase in corticosterone in females is higher than in males and the highest during the proestrus phase. It is not known how and whether the other parts of the HPA system differ during the estrous cycle. Thicker arrows depict an increase in hormone levels. *AVP* vasopressin; *ACTH* adreno-corticotropin; *CBG* corticosteroid binding globulin; *CRH* corticotroping-releasing hormone; *MR* mineralocorticoid receptor; *GR* glucocorticoid receptor; *CA* cornu ammonis region of the hippocampus; *DG* dentate gyrus

In the brain, corticosterone binds to two receptor types, the mineralocorticoid receptor (MR) expressed mainly in the limbic areas and the glucocorticoid receptor (GR) distributed widely in the brain (de Kloet et al. [@CR30], [@CR31]; McEwen et al. [@CR76]). The affinity of corticosterone to MR is higher than to GR (Reul and de Kloet [@CR96]). Therefore, MR become occupied and activated at much lower concentrations of circulating corticosterone than GR, which require peak concentrations reached after stress or during the circadian peak. The MR mediated actions become manifest in particular during the initial response of the HPA axis to stressful situations while GR contribute to the negative feedback of the HPA axis by terminating the stress response, while facilitating recovery and behavioral adaptation (de Kloet et al. [@CR30]). Balanced activation of MR and GR is considered essential for efficient regulation of the stress response which is crucial for the maintenance of homeostasis and mental health (Oitzl et al. [@CR83]).

The reactivity of the HPA axis differs in male and female subjects (Fig. [1](#Fig1){ref-type="fig"}). Female rats secrete higher amounts of corticosterone than males in resting conditions (Carey et al. [@CR20]; Critchlow et al. [@CR24]; Figueiredo et al. [@CR37]) and their circadian rhythm contains more and higher pulses of corticosterone (Seale et al. [@CR103]). In response to stress, AVP plasma levels and ACTH levels are increased (Williams et al. [@CR121]; Le Mevel et al. [@CR63]) and corticosterone levels rise higher and remain elevated for longer periods in females than in males (Figueiredo et al. [@CR37]; Kitay [@CR59]; Le Mevel et al. [@CR63]; Pollard et al. [@CR93]). Corticosteroid binding globulin (CBG) is also found in higher amounts in female than male rats. CBG is positively regulated by estrogen (Young and Altemus [@CR129]). This would imply that free (biologically active) corticosteroid concentrations are similar or even lower in females than in males (Gala and Westphal [@CR44]). In addition, moderate and strong stressors such as swimming and restraint initiate a fast increase (within 5 min) of circulating CBG, keeping free corticosterone concentrations attenuated for about 20 min. This highly dynamic role has been discovered most recently (Qian et al. [@CR95]). Following stress, CBG was found significantly reduced (Tannenbaum et al. [@CR107]) resulting in an increase in free corticosterone in both males and females. Thus, CBG is actively regulated by stress and sex hormones.

Sex Differences in Corticosteroid Receptors {#Sec4}
-------------------------------------------

The binding capacity of receptors for corticosterone in cytosol of the hippocampus is higher in female rats, while the affinity of the receptors is higher in males (Turner and Weaver [@CR111]). Next, corticosterone binding was distinguished in mineralocorticoid and glucocorticoid receptors. The MR of male rats has a threefold higher binding affinity than the MR in females, with no difference for the GR (Turner [@CR109]) suggesting that under low corticosterone levels the MR in females is relatively less occupied and activated (Turner [@CR110]). In addition, female mice were reported to express less MR than males (Lin et al. [@CR68]). Under chronic stress the sex-specific patterns of MR and GR change. A down-regulation of GR binding (immunoreactivity) in the dentate gyrus and CA1 region in the hippocampus of male rats (Karandrea et al. [@CR53]; Kitraki et al. [@CR60]) was opposed by an increase in GR binding in the CA1 region of female rats (see inset Fig. [1](#Fig1){ref-type="fig"}). Concurrently, MR binding was increased in the CA3 region of female but not male rats.

These findings provide evidence for the existence of both regional and gender specificity in the regulation of the stress response in brain areas which are crucial for emotion and cognition.

The Estrous Cycle and the HPA Axis {#Sec5}
----------------------------------

So far, we have presented female/male differences in the activity and regulation of the HPA axis, but what happens to the regulation of this stress system in the course of the estrous cycle? In the proestrus phase, resting and stress-induced corticosterone concentrations are higher than in estrus and diestrus phases (Atkinson and Waddell [@CR2]; Carey et al. [@CR20]; Critchlow et al. [@CR24]; Figueiredo et al. [@CR37]; Pollard et al. [@CR93]; Viau and Meaney [@CR112]). In addition, Carey et al. ([@CR20]) elegantly demonstrated an interaction of sex and stress hormones: Estradiol decreases hippocampal MR mRNA expression and binding, whereas progesterone reverses this effect. Progesterone also binds with appreciable affinity to the MR. Chronic social stress disrupts the estrous cycle in rats, resulting in a phenotype with depression-like features (Herzog et al. [@CR49]). Already 5 days of stress is enough to desynchronize the estrous cycle of rats (Pollard et al. [@CR93]). Furthermore, spironolactone (a MR antagonist with affinity to progesterone and androgen receptors) disrupts the estrous cycle in rats (Nagi and Virgo [@CR80]) and causes menstrual irregularities in humans (de Gasparo et al. [@CR29]). Moreover, it is generally known that chronic stress affects the menstrual cycle.

Taken together, sex- and stress hormone interactions are indeed complex and so far there is little understanding of the underlying regulatory mechanism. The main reason is the difficulty to set up experimental designs in the 'classical way' as already acute stress affects the regularity of the estrous cycle. Refined molecular approaches using selective targeting of genes regulated by sex and corticosteroid hormones are the tools for future studies.

Distinct Emotional Behavior in Male and Female Rats and Mice {#Sec6}
============================================================

Coping with stress involves emotionality (Fig. [2](#Fig2){ref-type="fig"}). Emotionality of rats and mice is most often inferred from their behavior in novel environments. Usually, suppression of activity and avoidance of certain parts of the environment are interpreted as anxiety-like/related behavior. Interestingly, female rats and mice show less anxiety-like behavior and arousal in novel environments than males. Overall, males tend to walk less, freeze, and defecate more than females (Adamec et al. [@CR1]; Tropp and Markus [@CR108]). Avoidance of open areas is another index for anxiety. Open arms of an elevated plus maze (EPM) are entered more readily by females than males (Bowman et al. [@CR15]; Johnston and File [@CR52]; Leret et al. [@CR64]; Rodgers and Cole [@CR97]; Zimmerberg and Farley [@CR130]). Likewise the arena of the open field is explored more extensively by females (Kennett et al. [@CR56]). In addition, female mice spend more time in the light compartment of a light--dark box than males (Adamec et al. [@CR1]; Voikar et al. [@CR113]). Others have reported less open arm exploration in the EPM in female than male mice related to age (Frick et al. [@CR40]) or no difference (Marcondes et al. [@CR73]; Rodgers and Cole [@CR97]; Voikar et al. [@CR113]).Fig. 2Stress shows clear effects on emotion and cognition in males but not in females. Stress induces more anxiety in male rodents and impairs cognitive abilities. However, in female rodents stress can decrease but also increase anxiety and impair or enhance their cognitive abilities depending on the type of learning task and stressor

The type of the stressor is of relevance for the sex-specific behavioral effects. Open arm exploration in the EPM decreased in male rats following restraint stress (Bowman et al. [@CR16]), isolation stress (Weiss et al. [@CR119]); and in male mice following confrontation with a predator (Adamec et al. [@CR1]), and a psycho-emotional stressor enforced by cohabitation with an aggressive male (Avgustinovich and Kovalenko [@CR3]). Isolation stress in male mice reduced anxiety as was seen by more locomotion in the open field, more open arm exploration in the EPM and more time spent in the light part of the light/dark box (Guo et al. [@CR48]). In females, open arm exploration was reduced following odor of but also after confrontation with a predator (Adamec et al. [@CR1]) and following the experience of a psycho-emotional stressor (Avgustinovich and Kovalenko [@CR3]). Restraint stress did not affect open arm exploration in female rats on the EPM (Bowman et al. [@CR16]). Results of exposure to an isolation stressor are not consistent for females, apparently depending on the task: reduced locomotor activity (Palanza [@CR88]; Palanza et al. [@CR89]) or no effect (Guo et al. [@CR48]), but also less anxiety expressed by an increase in time spent in the light compartment of the light/dark box (Guo et al. [@CR48]).

In addition to sex differences, the variation in the concentration of circulating sex hormones over the cycle is correlated with anxiety-related behavior. Proestrus and estrus rats showed less anxiety in the EPM by spending more time in the open arms of the EPM than diestrus rats (Frye et al. [@CR42]; Mora et al. [@CR79]; Diaz-Veliz et al. [@CR35]; Gouveia et al. [@CR46]; Marcondes et al. [@CR73]; Walf et al. [@CR117]). In particular, females in proestrus displayed shorter latencies to enter an open field (Palanza [@CR88]; Palanza et al. [@CR89]); longer duration in a mirror chamber (Walf et al. [@CR117]); less freezing in response to a shock in the defensive burying task (Frye et al. [@CR42]) and a better memory expressed by longer latencies to cross to the shock-compartment in an inhibitory avoidance task (Walf and Frye [@CR115]). Furthermore, proestrus females had longer social interactions with conspecifics (Frye et al. [@CR42]; Palanza [@CR88]; Palanza et al. [@CR89]). These findings suggest that estrogen and progesterone modulate anxiety-like behavior.

Overall, stress tends to make males less anxious while in female animals changes in anxiety depends on the type of stressor (Fig. [2](#Fig2){ref-type="fig"}). During proestrus and estrus rats and mice display less anxiety-like behavior than during diestrus. These differential effects of sex- and stress hormones on emotionality already predict that the level of anxiety will contribute to cognitive processes of memory formation.

Sex- and Stress-Hormones, Synaptic Plasticity, and Memory {#Sec7}
=========================================================

Learning and memory has been extensively studied using plasticity of the neural network of the hippocampus as a model system, together with alterations in dendrite complexity and spine density. Remarkably, the estrous cycle of female rats is paralleled by rapid fluctuations in spine density in the CA1 region of the hippocampus. During proestrus, spine density and number of synapses is the highest, followed by a rapid decrease in the estrus phase and intermediate spine density in the diestrus (McEwen [@CR75]; Woolley et al. [@CR126]; Woolley and McEwen [@CR125]). Tracy Shors and colleagues repeatedly demonstrated the relevance of the estrus phase for learning and memory. When compared to males, especially proestrus female rats are superior in learning the eye-blink conditioning task and not females in the other estrous phases (Bangasser and Shors [@CR4]; Dalla et al. [@CR27]; Waddell et al. [@CR114]; Wood et al. [@CR124]; Wood and Shors [@CR123]).

In addition to sex hormones, corticosteroids are known to modulate neuronal plasticity and cognition. Morphological features comprised of increased and decreased complexity of dendrites, number and type of synapses depending on the brain area investigated have been reported. Chronic stress and corticosterone both resulted in decreased dendritic morphology in the dorsomedial striatum and CA3 region of the hippocampus (Dias-Ferreira et al. [@CR34]; McLaughlin et al. [@CR78]; Woolley et al. [@CR127]), however, increased length and branching of the dendrites were found in the dorsolateral striatum (Dias-Ferreira et al. [@CR34]). Chronic stress and corticosterone also impaired spatial learning and decision making (Bodnoff et al. [@CR14]; Conrad et al. [@CR21], [@CR22]; Dachir et al. [@CR25]; Dias-Ferreira et al. [@CR34]; Luine et al. [@CR69]; McLaughlin et al. [@CR78]). These data are derived from studies in male rats. Moreover, Luine et al. ([@CR70]) reported sex-dependent behavioral and neural changes in rats depending on the duration of chronic stress and age.

Early life stress such as maternal separation and deprivation is one of the major risk factors for stress-related pathologies. Brain morphology and learning were differentially affected in young adult male and female rats that had been separated from their mother for 24 h on postnatal day 3 (Oomen et al. [@CR85], [@CR86]). In males, neurogenesis was reduced, along with a loss of dendritic mass and impaired spatial learning while memory for an aversive event was strengthened and corticosterone facilitated LTP. Maternally deprived females, in contrast, had reduced number of cells in the dentate gyrus with alterations in the dendritic arrangement, but neurogenesis, LTP, spatial learning, and contextual fear conditioning were not affected. The consequences of the same adverse early life stress are clearly sex-dependent and might align the vulnerability or resilience to stress-related disorders in later life.

Spatial Learning and Memory {#Sec8}
---------------------------

Interestingly, the majority of studies in rats and mice did not find a clear gender difference in spatial learning. The studies which did find a gender difference observed that male rats and mice performed better than females in the Morris water maze (Beiko et al. [@CR9]; Berger-Sweeney et al. [@CR12]; Frick et al. [@CR40]; Frye [@CR41]; Markowska [@CR74]; Perrot-Sinal et al. [@CR91]; Roof [@CR98]), the Y-maze (Conrad et al. [@CR23]), the radial arm maze (Roof [@CR98]) and the Barnes maze (Barrett et al. [@CR6]; O'Leary et al. [@CR84]). However, one study showed that female mice performed superior to males in the Morris water maze (Lamberty and Gower [@CR62]). In addition, altering the experimental conditions and introducing a pretraining period to the water maze resulted in comparable spatial navigation of both sexes (Beiko et al. [@CR9]; Bucci et al. [@CR18]; Perrot-Sinal et al. [@CR91]; Warren and Juraska [@CR118]).

The water maze task itself is a severe stressor for mice and rats due to the high degree of novelty and the life-threatening condition. An extra external stressor, depending on the level and timing of the stressful situation, will affect emotionality, performance, spatial learning, and memory. As described above, stress system activity differs between the sexes. Moreover, stress seems to affect spatial learning differently in males and females. In response to acute and chronic stress, spatial learning and memory is impaired in male rats in several spatial tasks such as the radial arm maze, Y-maze, and Morris water maze (Bowman et al. [@CR15]; Conrad et al. [@CR22], [@CR23]; Diamond et al. [@CR33]; Kitraki et al. [@CR60]; Luine et al. [@CR69]). In female rats and mice, modulation of spatial learning and memory is depending on the experimental paradigm and the type of stressor. Chronically restraint stressed female rats showed enhanced spatial performance in the radial arm maze and Morris water maze (Bowman et al. [@CR15]; Kitraki et al. [@CR60]) and acute stress improved spatial memory in the Y-maze (Conrad et al. [@CR23]). However, exposing female rats to isolation stress impaired spatial learning in the radial arm maze and in the Morris water maze (Daniel et al. [@CR28]) and chronic restraint stress impaired females in the Y-maze (Conrad et al. [@CR22]). Apparently, females are more sensitive to the effect of stress, depending on the duration and the type of stressor and the spatial task.

Is this increased sensitivity to stress of female rodents related to the estrous cycle? The few studies that address the estrous phases separately report an impairment in spatial performance during estrus in the Morris water maze (Frick and Berger-Sweeney [@CR38]; Frye [@CR41]), and the proestrus in the water maze and radial arm maze (Pompili et al. [@CR94]; Bowman et al. [@CR15], respectively). Furthermore, pretraining might alleviate the level of task-related stress and could contribute to the improved spatial learning in the estrus phase (Warren and Juraska [@CR118]). Depending on the phase of the estrous cycle facilitation as well as impairment of spatial performance and memory have been reported.

Are Learning Strategies Sex-Dependent? {#Sec9}
--------------------------------------

Males and females might use different strategies solving a task. Depending on the design of a behavioral task more than one learning strategy can be used, e.g., a spatial or a stimulus--response strategy. The spatial strategy requires the relation of multiple stimulus configurations in the surrounding environment and an intact hippocampus (White and McDonald [@CR120]). The stimulus--response strategy makes use of a single stimulus and requires the activation of the caudate nucleus (Packard and Knowlton [@CR87]; Schwabe et al. [@CR102]).

The preferred strategy of male mice and rats is spatial (Bettis and Jacobs [@CR13]; Schwabe et al. [@CR101], [@CR102]; Tropp and Markus [@CR108]). Chronic and acute stress allows a switch from spatial towards a stimulus--response strategy (Schwabe et al. [@CR101], [@CR102]) in male mice. Females apply both spatial and stimulus--response strategies (Bettis and Jacobs [@CR13]; Korol et al. [@CR61]; Pleil and Williams [@CR92]; Tropp and Markus [@CR108]). However, the spatial strategy was predominantly applied during proestrus (Korol et al. [@CR61]; Pleil and Williams [@CR92]). Whether stress alters the problem solving strategy in female mice or rats has not been reported yet.

Short-Term Memory Tasks Sensitive to Sex- and Stress-Hormones {#Sec10}
-------------------------------------------------------------

In the object placement task, one of two familiar objects is moved to a different location. After a short delay, the animal returns. If it detects this "relocation", it will explore this object more than the one that remained in the same position. Results comparing male and female performances in the object placement task are diverse. Both male rats and mice showed overall more object exploration than females (Beck and Luine [@CR7]; Frick and Gresack [@CR39]; Sutcliffe et al. [@CR106]); but others found no sex differences (Bowman et al. [@CR16]; Tropp and Markus [@CR108]). Chronic restraint stress prior to the task increased exploration of the relocated object in female rats, but did not affect males (Beck and Luine [@CR7]; Bowman et al. [@CR16]). Exploration of a relocated object was increased especially in estrus and proestrus females compared to diestrus females (Frye et al. [@CR43]; Paris and Frye [@CR90]; Sutcliffe et al. [@CR106]; Tropp and Markus [@CR108]) supporting the impact of the estrous phase for behavior.

The object recognition task requires the functionality of prefrontal cortex regions. A novel object replaces one of at least two familiar objects. If recognized, exploration of the novel object should be increased. Female rats and mice explore the novel object more than males (Beck and Luine [@CR7]; Bettis and Jacobs [@CR13]; Bowman et al. [@CR16]; Sutcliffe et al. [@CR106]). Chronic restraint and chronic mild stress did not affect exploration of the novel object in females but decreased novel object exploration in males (Beck and Luine [@CR7]; Bowman et al. [@CR16]; Elizalde et al. [@CR36]; Li et al. [@CR67]). Furthermore, a clear effect of the estrus phase was seen with more exploration of the novel object during proestrus than during the other phases (Paris and Frye [@CR90]; Walf et al. [@CR116], [@CR117]).

Associative Learning {#Sec11}
--------------------

Eyeblink conditioning is a classical conditioning task. In this paradigm, the animal is presented with a noise (conditioned stimulus), which is followed by an aversive stimulation to the eye (e.g., an air puff), which causes the animal to blink. The blinking becomes conditioned as the animal learns that the noise predicts the air puff (Dalla and Shors [@CR26]). Rats in proestrus acquire the task faster than males do (Bangasser and Shors [@CR4]; Dalla et al. [@CR27]; Hodes and Shors [@CR50]; Wood and Shors [@CR123]). Stress facilitates eyeblink conditioning in male rats, but impairs it in female rats especially in the diestrus phase (Bangasser and Shors [@CR5]; Hodes and Shors [@CR51]; Leuner and Shors [@CR65]; Wood et al. [@CR124]; Wood and Shors [@CR123]).

Corticosteroid Receptors in Emotion and Cognition {#Sec12}
=================================================

The effects of corticosteroids are exerted via their receptors, MR and GR to modulate emotions and cognitive abilities (de Kloet et al. [@CR31]). MR is thought to be implicated in emotions related to anxiety, memory acquisition (appraisal of information and response selection), whereas activation of GR modulates the consolidation of information (Lupien and McEwen [@CR71]; Oitzl and de Kloet [@CR82]). The balanced activation of MR and GR is critical for neuronal excitability, stress responsiveness, and behavioral adaptation (De Kloet et al. [@CR30]). Recently fast, non-genomic effects of glucocorticoids have been reported (Di et al. [@CR32]; Groeneweg et al. [@CR47]; Karst et al. [@CR54], [@CR55]), extending the spectrum and the impact of glucocorticoids in the various time domains during learning and memory and stress (Oitzl et al. [@CR83]).

Pharmacological and genetic studies demonstrated a clear role for GR in memory consolidation. Mice with genetically modified GR have been suggested as models for depression (Gass et al. [@CR45]), but only male mice have been tested. To further unravel the role of MR, genetic mouse models, such as mice with either MR deficiency in the forebrain (MR^CaMKCre^; Berger et al. [@CR11]) or general MR overexpression (Rozeboom et al. [@CR99]) were designed. MR overexpressing mice of both sexes showed less anxiety-related behavior in the EPM and the open field (Rozeboom et al. [@CR99]). However, behavioral parameters indicative for anxiety, such as locomotion in the open field, open arm exploration in the elevated zero maze and the duration in the light compartment of the light/dark box, were not affected in MR^CaMKCre^ males and females (Berger et al. [@CR11]). In the novel object recognition, both male and female MR^CaMKCre^ mice explored a novel object more than control mice did. Spatial learning of both sexes of the MR^CaMKCre^ mice was delayed as they needed more training than control animals to learn the water maze task. A sex-dependent effect was seen in spatial working memory in the radial arm maze with female MR^CaMKCre^ mice making more re-entry errors and less correct responses during the first 8 choices (Berger et al. [@CR11]). It seems that behavioral flexibility is impaired in the absence of forebrain MR.

There is little data regarding behavioral response characteristics under stress. So far, we found that acute restraint stress resulted in higher arousal and less exploration in female MR^CaMKCre^ mice, indicative for increased anxiety (Brinks et al. [@CR17]). Stronger anxiety-like behavior was also expressed as more freezing to cue in female MR^CaMKCre^ mice compared to controls during the acquisition in a fear conditioning task. Consecutively, fear memory was increased as was seen by higher amounts of freezing to both cue and context compared to control mice (Brinks et al. [@CR17]). How male MR^CaMKCre^ mice respond to stress is not known yet.

In summary, these results support the involvement of MR in the appraisal of novel situations. Moreover, we get more and more evidence for sex-specific emotional and cognitive behavioral patterns that are under the influence of corticosteroid receptors. Currently, we are following this lead in the design of our studies by testing both sexes and taking into account the estrous cycle.

Summary and Conclusion {#Sec13}
======================

We have presented and highlighted data demonstrating sex differences in the regulation of the HPA axis, effects on neural plasticity and behavioral responses in rats and mice which serve as model systems for emotion and cognition. These data show that sex-dependent differences in emotionality and cognition exist, and that the reactivity of the HPA axis is different between males and females. Noticeably, stress can have opposite effects on emotionality and cognition in male and female subjects (Fig. [2](#Fig2){ref-type="fig"}). In the majority of studies, stress increases emotionality and impairs cognition in males, whereas in female animals stress alleviates emotionality and enhances cognition, depending on learning task and stressor. As a consequence, stress can promote behavioral adaptation in the female, and not in the male. Different effects of stress on the behavior of both sexes combined with the sex differences in the stress system underline the importance to include both male to female subjects, specifically in the search for animal models for stress-related psychiatric disorders.

The data discussed in the previous sections are summarized in Fig. [3](#Fig3){ref-type="fig"}. This figure demonstrates that the estrous cycle is a strong determinant in the level of emotionality and the cognitive capacity of female rodents. Compared to other phases of the estrous cycle, females in proestrus are exposed to high levels of sex- and stress hormones, which are paralleled by morphological changes in the brain such as increase in spine density. At that time the females express less emotionality and enhanced learning of simple associative tasks as eye-blink conditioning, but are impaired in performing more complex learning tasks. Interestingly, acute stress has the same effect on all of the above parameters. However, whether and how stress affects females'ability in each stage of the estrous cycle in learning tasks is not known and requires more research.Fig. 3The effect of the estrous cycle on emotion and cognition. Proestrus females are exposed to high sex and stress hormone levels. In parallel, morphology of neurons show an increase in spine density. In proestrus, females are also less emotional compared to the other estrus phases and show improved learning in simple cognitive tasks. In complex learning tasks proestrus females are impaired. The effect of acute stress on all of these parameters in females is known; however, it is unknown what the effect of acute stress on the estrous cycle and therefore on these parameters is. Revealing the effects of acute stress in combination with the estrous cycle requires more research

Studying the interaction between sex and stress hormones will open new avenues for research in animal models and may contribute to the understanding of sex differences in resilience and vulnerability to psychiatric disorders as well as the efficacy of pharmacological treatment.

This work was supported by the European Science Foundation to JPtH and ERdeK (Eurocores, 07-EuroSTRESS-FP-005), NWO-DFG--IRTG-DN 95-420 to MSO and HS and the Royal Netherlands Academy of Sciences KNAW to ERdK-Dr.J.Dobberke 2010--2009 to JPtH.

Open Access {#d29e1118}
===========

This article is distributed under the terms of the Creative Commons Attribution Noncommercial License which permits any noncommercial use, distribution, and reproduction in any medium, provided the original author(s) and source are credited.
